Newly synthesized class II HLA antigens being transported to the surface of human B-lymphoblastoid cell lines (B-LCL) interact with transferrin-neuraminidase conjugates internalized by means of receptor-mediated endocytosis. Class II antigens, isolated from [35S]methioninelabeled B-LCL after incubation with the conjugates at 370C, showed extensive desialylation of associated invariant chain and detectable loss of (3-subunit sialic acid on analysis by two-dimensional gel electrophoresis. An equal amount of unconjugated neuraminidase had no effect, and desialylation of class II antigen components was blocked when access of traymsferrin-neuraminidase conjugates to the B-LCL transferrin receptors was competitively inhibited by the addition of excess iron-saturated transferrin. The conjugates were shown to cycle through the cells in the same way as unconjugated transferrin, being first internalized and then rapidly secreted in an undegraded form. The data suggest that the exocytic pathway taken by class II antigens intersects the route followed by recycling transferrin receptors and that the interaction occurs prior to the dissociation of the invariant chain from the class II antigen complex. Similar intracellular interactions between class II molecules and foreign proteins internalized by antigen-presenting cells may be important in class II antigenrestricted recognition by helper T lymphocytes.
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Intracellular class II major histocompatibility complex (MHC) antigens of humans and mice are noncovalently associated with a nonpolymorphic glycoprotein, the invariant chain (I chain) (1) (2) (3) (4) (5) . The interaction between the a-and 13-subunits of the class II heterodimer and the I chain is initiated soon after synthesis in the rough endoplasmic reticulum and persists during transport through the Golgi apparatus (2) (3) (4) 6) . Evidence for this continued association comes from biosynthetic experiments in which human Blymphoblastoid cell lines (B-LCL) are pulsed for a short period with [35S]methionine and then chased for various lengths of time with unlabeled methionine. Analysis by two-dimensional gel electrophoresis of class II antigens and associated I chain isolated from such cells has shown that sialic acid addition to the N-and O-linked oligosaccharides of the I chain is detectable as early as 30 min after the initiation of the chase (4) . Sialic acid addition is a late or trans Golgi event (7) . After a prolonged chase period, -4 hr, the I chain can no longer be found associated with class II molecules (4) . This observation, coupled with the inability of most workers to detect I chain on the cell surface (8, 9) , has led to the supposition that the I chain dissociates from the class II af8 complex prior to the expression of the latter on the plasma membrane.
The apparent intracellular dissociation of the I chain from mature class II antigens is at least superficially analogous to the fate of certain ligand-receptor complexes following receptor-mediated endocytosis. Low density lipoproteins (LDL), epidermal growth factor (EGF), and iron-saturated transferrin (FeTf) are internalized by means of clathrincoated pits into intracellular vesicles called receptosomes (10) or endosomes (11) following binding to specific receptors on the cell surface (12) (13) (14) (15) (16) (17) . Dissociation of EGF and LDL from their specific receptors and iron from FeTf occurs intracellularly in the endosome or, possibly, in a more specialized compartment known as CURL ("compartment for uncoupling of receptor and ligand;" ref. 18 ). Dissociation is often attributed to the acidity ofthese intracellular vesicles, which are maintained at a pH of -5 (19) . Following dissociation the receptors are recycled to the cell surface, with apotransferrin still associated in the case of the transferrin receptor (14) (15) (16) (17) . EGF and LDL are deposited in the lysosomes (12, 13) .
Strengthening the analogy of ligand-receptor dissociation with class II antigen-I chain dissociation is the finding that the latter is inhibited by the carboxylic ionophore monensin (20) . Monensin inhibits exocytosis and endocytosis (21) Aliquots (100-200 Al, 10-20 x 106 cpm) were then added to immunoabsorbent wells and incubated for 60 min at room temperature. The labeled extract was removed and the wells were washed five times with water. Antibody-bound radiolabeled antigens were eluted in 50 ,u of a solution containing 9.5 M urea (Ultra-Pure, Schwartz-Mann), 2% (wt/vol) Triton X-100, 5% (wt/vol) 2-mercaptoethanol, and 2% (vol/vol) Ampholines (Biolyte 3/10, Bio-Rad). They were then analyzed on two-dimensional polyacrylamide gels by using nonequilibrium pH gradient electrophoresis (24) in the first dimension and electrophoresis in NaDodSO4 in the second dimension as described (4) . As a control in some experiments radiolabeled class II antigens were treated with neuraminidase in the immunoabsorbent wells prior to elution. Fifty microliters of 0.1 M NaCl/0.05 M sodium acetate/0.009 M CaCl2, pH 5.5, was added to the well, followed by addition of 10 milliunits (mU) of Vibrio Cholerae neuraminidase (Calbiochem). After 60 min at 37°C, the enzyme was removed, the wells were washed with water, and bound antigen was eluted as described above.
Preparation of FeTf-Neuraminidase Conjugates. Conjugates were prepared by using the cross-linking reagent N-succinimidyl 3-(2-pyridyldithio)propionate (SPDP; Sigma; ref. 25) . Human transferrin (Sigma) was first saturated with iron by incubation with ferric ammonium citrate as described (26) . For derivatization, SPDP (20 ,ul, 20 mM in anhydrous ethanol) was added to 0.5 ml of a solution of FeTf (10 mg/ml) in 0.15 M NaCl/0.05 M sodium phosphate, pH 7.5. After 30 min at room temperature, excess unreacted SPDP was removed by overnight dialysis againt Pi/NaCl at 4°C. Spectrophotometric analysis (25) indicated an SPDP:FeTf substitution ratio of 6:1.
For derivatization of neuraminidase, supplied in solution at 1 unit/ml at pH 5.5, the pH of 2 ml of enzyme was first adjusted by the addition of 1 M sodium phosphate at pH 7.5 (0.5 ml). SPDP (52 ul, 20 mM in ethanol) was then added and the reaction was allowed to proceed for 30 min at room temperature. This ratio of SPDP to neuraminidase was determined to cause a detectable but <5% reduction in neuraminidase activity in preliminary experiments. The reaction was stopped by the addition of 0.1 M glycine (50 ,ul). was then added to each tube and the incubation was continued at 37°C for a further 15 min. The cells were then chilled by the addition of ice-cold Pi/NaCl (10 ml), centrifuged (1000 x g, 10 min), and washed twice with ice-cold Pi/NaCl. They were then suspended in medium (3.5 ml) that was prewarmed to 37°C and contained FeTf (0.2 mg/ml). Duplicate samples (0.2 ml) were removed at intervals during incubation at 37°C and added to tubes containing 20 (1985) On the basis of their differential susceptibility to endo-a-Nacetylgalactosaminidase in denaturing versus nondenaturing conditions, at least two O-linked glycans appear to be present (20) . The increment in molecular mass caused by the addition of O-linked carbohydrate can be detected by gel electrophoresis in NaDodSO4. The loss of I chain sialic acid is readily observed on two-dimensional gel analysis by a cathodal shift of desialylated I chain, causing the appearance of doublets of I chain spots (I and Ip) with identical mobility in the nonequilibrium pH gradient electrophoresis dimension (4 Although poorly reproduced'in the photograph, the most acidic 3-subunit spot (indicated by an arrowhead in Fig. 1D ) is absent in cells exposed to the conjugate (Fig. 1E) , indicating that P-subunit sialic acid may also be removed by FeTf-neuraminidase conjugates. The product of a limitdigestion with neuraminidase, obtained by treating DA6.147-bound antigen in the immunoabsorbent well prior to elution with sample buffer, is shown in Fig. iF. Similar results have been obtained by using 247HSB, a rabbit anti-class II HLA antibody (4), and XD5.A11 (4) , an antibody to class II a-subunits (data not shown). Neither of these antibodies, nor DA6.147, exhibits any reactivity with free I chain. Consequently, the processed and unprocessed forms of I chain apparent in Fig. 1 are associated with the class II a(3 heterodimer and therefore presumably are derived from inside the cell. To further substantiate the intracellular site of the interaction of the I chain with the FeTf-conjugated neuraminidase, two additional control experiments were performed. First, [355] methionine-labeled Swei cells were incubated with unconjugated neura niidase. No loss of I chain sialic acid could be detected (Fig. 1C) . Second, Swei cells were incubated with FeTf-neuraminidase conjugate in the presence of a large excess of unconjugated FeTf (300 Ag/ml) to competitively block access of the conjugate to the transferrin receptor. Again no loss of sialic acid was detectable ( Fig. iD) , indicating that the desialylation of the I chain observed in Fig. 1E was receptor dependent. The addition of unconjugated FeTf alone had no effect on the electrophoretic pattern (Fig. 1B) .
These observations argue that the route taken by FeTf-neuraminidase conjugates and the exocytic pathway followed by class II antigens intersect intracellularly, prior to the dissociation of the I chain.
FeTf-Neuraminidase Conjugates Recyde Normally. Transferrin, after binding to its receptor, is internalized by the cell and, following the loss of associated iron, is recycled to the cell surface and released (14) (15) (16) (17) . To substantiate the argument that the class II antigen exocytic route intersects the transferrin recycling pathway, experiments were performed to determine whether FeTf-neuraminidase conjugates recycle in the same way as unconjugated FeTf.
In the experiment shown in Fig. 2 , Swei cells were preloaded with 1251-FeTf-neuraminidase conjugate at 370C and, after washing, the release of label was followed during further incubation at 370C. Release of cell-associated cpm was 85% complete after 60 min, and the half-time of release was =7 min. These numbers are comparable to literature values for the release of unconjugated labeled transferrin from a number of cell types (14, 15, 29) .
The total label accumulated in the supernatant by 60 min in the experiment shown in Fig. 2 was 93% precipitable by trichloroacetic acid. This indicates that the released material was not substantially degraded. To determine whether any degradation occurred prior to the release ofthe conjugate, the supernatants were precipitated with acetone and analyzed by polyacrylamide gel electrophoresis in NaDodSO4 followed by autoradiography. The results ofthis analysis are presented in Fig. 3 . The major product released by Swei cells that can be detected on electrophoresis under nonreducing conditions (Fig. 3A) is a band with an apparent molecular mass of 140 kDa. A small amount of a larger molecule that barely enters the gel and a lower band with an apparent molecular mass of 68 kDa are also detectable. All three bands are present in the original labeled conjugate at similar relative intensities to those apparent in the recycled material shown in Fig. 3A (data  not shown) . The 140-kDa band closely corresponds to the expected molecular mass of an FeTf-neuraminidase dimer, based on its elution position from Sephacryl S-300 during purification. The LCL. Swei cells were preloaded with 125I-FeTf-neuraminidase conjugates for 15 min at 370C. After washing at 40C, they were resuspended at 370C in medium containing FeTf (0.2 mg/ml). Aliquots of the suspension were removed during subsequent incubation at 370C and centrifuged. Cell-associated cpm (o) and supernatant cpm (e) are shown.
band comigrates with transferrin run under nonreducing conditions. All three labeled species appear to be released equally well by the cells, indicating that FeTf-neuraminidase conjugates cycle through the cell in an analogous fashion to unconjugated FeTf. Fig. 3B shows that the large majority of labeled material is present in a single band comigrating with transferrin upon electrophoresis under reducing conditions. Since only the transferrin used in preparing the conjugatewas labeled with "25I, neuraminidase is not visible in this autoradiograph.
DISCUSSION
The results presented in this paper clearly demonstrate an intracellular interaction between transferrin-neuraminidase conjugates, internalized by endocytosis, and newly synthesized class II HLA antigens in the process of exocytosis. The interaction can be blocked by addition of excess FeTf, and the conjugates are cycled through the cell in the same manner as unconjugated transferrin. These observations argue that the interaction of the conjugates and class II molecules occurs as a result of a natural merging of the transferrin recycling pathway and the class II antigen exocytic pathway and is not a result of abnormal handling of the conjugates by the cell.
The precise stage in the exocytosis of class II antigens at which union with the recycling pathway occurs is difficult to determine from the experiments reported here. The primary evidence for the interaction is the observed desialylation of class II antigen-associated I chain. Therefore, the merger must occur prior to the dissociation of the I chain. It could, however, happen either before or after the addition of sialic acid to the class II molecules. If the exocytic and recycling pathways merge prior to the addition of sialic acid, the FeTf-neuraminidase conjugates and class II antigens are presumably cotransported to a compartment containing sialyl transferases. On arrival in this compartment, competition would ensue between transferases adding sialic acid to the complex N-linked glycans and O-linked glycans and the conjugated neuraminidase simultaneously removing them. Favoring this possibility is the reported observation that desialylated transferrin receptors can be resialylated by the K562 human erythroleukemic cell line during the recycling process (30) . In a number of experiments, in which the amounts of FeTf-neuraminidase conjugate added to B-LCL and times of incubation were varied, complete desialylation of the I chain, such as that seen in Fig. 1F , has never been observed (data not shown). This is also consistent with such a scheme.
Electron microscopic and fluorescence microscopic studies of transferrin receptor recycling have shown that, following endocytosis, transferrin can be detected in the vicinity of the Golgi apparatus, specifically the trans region (29, 31, 32 (20) .
Sussman and co-workers (29) have shown that monensin blocks recycling by causing transferrin accumulation in dilated multivesicular bodies in the trans Golgi region. The acquisition of some sialic acid by the a-and P-subunits of class II antigens in monensin-treated B-LCL (20) suggests that a complete block in transport of class II antigens does not occur before the addition of sialic acid. However, as noted (20) , the N-linked oligosaccharides of the class II antigenassociated I chain remain almost totally unprocessed in monensin-treated B-LCL, implying that a pH-dependent Immunology: Cresswell Proc. Natl. Acad. Sci. USA 82 (1985) conformational change in the I chain or associated components may be required for the conversion of its N-linked oligosaccharides to the complex form. Unfortunately, the lack of sialic acid addition to the I chain makes it difficult to determine whether an intracellular encounter occurs between FeTf-neuraminidase conjugates and class II antigens in monensin-treated B-LCL.
Class II HLA antigens provide a useful system for examining the interactions of the exocytic and endocytic pathways using the neuraminidase conjugate approach, mainly because of the dramatic effect of sialic acid loss on the electrophoretic properties of the I chain. It is clear, however, that other glycoproteins destined for the plasma membrane or for secretion are likely to follow the same route as class II molecules and to similarly encounter the recycling pathway. However, such intracellular encounters may have greater functional relevance in the case of class II MHC antigens. Class II HLA molecules, and the homologous Ia antigens of the mouse, are critically involved in the recognition by helper T lymphocytes of foreign antigens presented by macrophages, B-lymphoblasts, and other cell types (reviewed in ref. 33) . A large body of evidence suggests that protein antigens must be internalized by the antigen-presenting cell, processed in some way, and reexpressed on the cell surface, perhaps in association with class II MHC molecules, before T-cell recognition can occur (33, 34) . Antigen presentation to T cells can be inhibited by agents that interfere with lysosomal function and intracellular transport, including monensin (34) . Many workers have concluded that proteolysis is a key component in the processing of foreign antigens. However, some recent studies indicate that denaturation, with exposure of hydrophobic regions of the protein, may be a critical factor that is facilitated by proteolysis for the majority of antigens (35) .
The intracellular interaction of class II HLA antigens with the recycling pathway of transferrin receptors is clearly not the same as the interaction that occurs between class II molecules and foreign antigens proteolytically cleaved following internalization. The latter are presumably lysosomally derived, whereas the transferrin receptor does not encounter the lysosome during recycling. However, the experiments described here highlight the possibility that critical interactions of class II MHC molecules with foreign antigens may occur inside the antigen-presenting cell, prior to cell surface expression of both components. Conditions inside an intracellular "interaction compartment'' could be significantly different from those at the cell surface, in terms of, for example, concentration of components, pH, membrane fluidity, and absence of serum. Thus, interactions between class II molecules and foreign antigens that might occur with only a low probability at the cell surface could be facilitated. Support for this model comes from the observation that surface IgM of tetanus toxoid-specific B-LCL acts as a receptor for the toxoid, promoting its internalization and enhancing presentation of the toxoid to autologous T-helper cells in a class II-restricted fashion (36) . In a separate study the intracellular colocalization of class II HLA antigens and internalized surface immunoglobulin in B-LCL has been suggested by immunofluorescence data (37) . Thus, antigens may be directed to an intracellular compartment where interactions with newly synthesized class II molecules are enhanced.
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